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Abstract
The dependence of the ion effective heating on the poloidal (reconnection) and toroidal (guide)
magnetic fields during magnetic reconnection in the presence of a guide magnetic field is investi-
gated by means of particle simulations, which mimic merging plasmas in a spherical tokamak (ST).
In the previous works, our simulations demonstrated that the ion temperature perpendicular to
the magnetic field grows mainly in the downstream, in which ring-shaped velocity distributions
are formed. This means that ions are effectively heated. The basic theory explains that the ring-
shaped distribution is formed by the ions which rotate around the guide magnetic field while E×B
drifting. In this work, the basic theory is extended to a more general theory including not only a
ring-shaped distribution, but also a circular-arc-shaped distribution. The generalized theory ex-
plains that the effective temperature changes by the radius and the central angle of the arc-shaped
velocity distribution and conjectures the dependence of the ion effective heating on the poloidal
and toroidal magnetic fields. The simulations show that the ion heating energy is proportional to
the square of the poloidal magnetic field, whereas the ion temperature decreases as the toroidal
field is larger, but the toroidal field dependence becomes small for the regime of high toroidal field.
These tendencies are consistent with those observed in experiments.




The merging of spherical tokamaks (STs) attracts attention as a candidate for future
fusion reactors because STs can confine higher-β plasmas than standard tokamaks and helical
devices [1]. In plasma merging experiments of STs, through magnetic reconnection[2] two
torus plasmas with low temperature (β ∼ 5%) are merged into a single torus plasma with
higher temperature (β ∼ 40%) [3]. It is reported that electrons are heated significantly in
the vicinity of the contact point of two torus plasmas, i.e., the X-point of reconnection, while
ions are heated dominantly in the downstream, in merging plasmas in STs such as TS-3 and
TS-4 at the University of Tokyo [3–6], MRX at the Princeton Plasma Physics Laboratory
[7, 8], and MAST at the Culham Centre for Fusion Energy[9, 10].
Comprehension of the heating mechanism during magnetic reconnection can lead to
higher-performance for realizing economical ST reactors. As the ion heating mechanism,
for example, viscosity heating in shock waves [4, 5], thermalization via remagnetization, col-
lisions, and scattering by wave-particle interactions [8], heating through phase mixing due
to the finite Larmor radius effect inside secondary magnetic islands (plasmoids) [11, 12], and
heating by kinetic Alfvén waves [13] have been suggested. In the preceding works by Usami
et al. [14, 15], a new mechanism of the ion heating during magnetic reconnection in the
presence of a guide magnetic field has been proposed. The essential point of the mechanism
is as follows. Ions behave as nonadiabatic upon crossing the separatrix, and their motion in
the downstream is the E ×B drift and the gyromotion. The gyration speed is almost equal
to the drift speed and to the reconnection outflow speed, which is much larger than the
ion thermal speed in the upstream. Consequently, a ring-shaped ion velocity distribution is
formed in the downstream. That is, ions are effectively heated. The radius of the velocity
ring, i.e., the gyration speed, corresponds to the effective thermal speed.
In this work, we discuss poloidal (reconnection) and toroidal (guide) field dependence of
the ion heating mechanism reported in Refs. [14] and [15] by means of particle simulations
and theory. That we use tools of particle simulations is because kinetic physics originating
from nongyrotropic motions of electrons and ions, which can not be treated by any models
based on the fluid theory, play a predominant role in the magnetic reconnection process
including the plasma heating [16].
The paper is organized as follows. In Sec. II, we introduce our particle simulation
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model. It is explained that this model mimics the kinetic region covering the contact point
of merging plasmas in an ST. In Sec. III, we highlight simulation results and show that ions
are effectively heated. Furthermore, we overview the effective heating mechanism as the
basic theory. In Sec. IV, we improve the basic theory to construct the generalized theory in
order to conjecture the dependence of the ion effective heating on the poloidal and toroidal
magnetic fields. In Sec. V, the two types of dependence are confirmed by two series of our
particle simulations. Then we compare our simulation results with experimental results in
STs, and show that the simulation and experiment results are consistent with each other.
Section VI provides a summary of this work.
II. SIMULATION METHOD
FIG. 1: Schematic diagram of our simulation model. The left panel shows merging torus plasmas.
The right panel is the area computed by a particle simulation with the PASMO code.
In order to investigate the ion heating mechanism through plasma merging in an ST, we
carry out two-dimensional electromagnetic particle simulations. Figure 1 shows a schematic
diagram of our simulation model. The left panel shows that two torus plasmas in an ST
device are merged. The area surrounded by the dashed line is enlarged in the right panel,
which displays the area simulated by our Particle-In-Cell (PIC) code “PASMO” [17–19].
The (R,Z) plane in the ST device corresponds to the (x, y) plane in the simulation. The
PIC area covers the kinetic region including the contact point, the X-point.
The simulation model can mimic merging plasmas in an ST because the following two
features expressing a plasma merging experiment are implemented in the simulation [20].
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One is that the guide magnetic field, which corresponds to the toroidal magnetic field in an
ST device, is imposed as Horiuchi and Sato applied first [16]. The other is that plasmas
are pushed by a driving electric field Ed imposed in the upstream boundary in order to
express plasmas pushed by the poloidal field (PF) coil current in an ST. (Hereinafter, we
express electric field and magnetic field as E and B, respectively.) The field Ed is set to zero
initially and begins to grow first near the center of the upstream. Eventually, Ed develops
to reach Edz = E0 in the entire upstream boundary, where Edz is the z-component of Ed.
(For detailed information on time evolution of the driving electric field, refer to Ref. [19].)
According to Faraday’s law, Ed makes the magnetic field at the upstream boundary grow. In
particular, from the x-component of Faraday’s law, ∂Bx/∂t = −c(∂Ez/∂y), we have that Bx
becomes larger as Edz becomes stronger. Thus, by setting different values in E0, we perform
simulations with various strength of the reconnection magnetic field (as shown in Sec. VB).
The remaining field quantities at the upstream boundary are set as Ex = 0, ∂Ey/∂y = 0. In
contrast, the downstream boundary is taken to be free, across which particles can freely go
in and out. It is noted that some technical methods are implemented into the PASMO code
in order for the particle distribution to be continuous and smooth across the downstream
(for detail, see [19]). The following components of the electromagnetic field are taken to be
∂Ex/∂x = ∂By/∂x = ∂Bz/∂x = 0. The remaining components of the electromagnetic field
are derived by solving Maxwell equations at the downstream boundary.
As the initial condition, we take a one-dimensional Harris-type equilibrium with an an-
tiparallel magnetic field in the x direction Bx and a uniform guide magnetic field in the z
direction Bz. Thus, we can express the initial state as
Bx(y) = Bx0 tanh(y/L), (1)
Bz(y) = Bz0 (2)




where P represents the plasma pressure. The quantities Bx0, Bz0, and P0 are constants,
and L is a spatial scale. The initial particle velocity distribution is a shifted Maxwellian
distribution, and the temperature is uniform. The initial ion temperature is taken to be
equal to the initial electron temperature.
We employ the simulation parameters as follows. The simulation domain size is (10.54×
2.63)c/ωpi, where c is the speed of light and ωpi is the ion plasma frequency. The plasma
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frequency is defined by the use of the initial number density at the neutral line y = 0. The
initial number of electrons and the initial number of ions are 14,090,240, respectively. The
ratio of the electron plasma frequency to the electron gyrofrequency is ωpe/ωce = 6.0, where





is thus expressed as vA0/c = 0.037 for the case of Bz0 = 2.0Bx0. The time step is ωpi∆t =
0.0052, and the grid spacing is ∆g/(c/ωpi) = 0.010.
The simulation domain is relatively small, compared with several studies of magnetic
reconnection by the use of particle simulation, for example, in Ref. [21]. In our work,
however, we concentrate on ion dynamics responsible for heating in the downstream region
not greatly away from the X-point (within ∼ 5di in simulations). It is also because ion
heating occurs in the downstream region not far away from the X-point (but, not in the
vicinity of the X-point) in ST devices. Furthermore, we showed in Ref. [15] that the
ion temperature profile obtained by the particle simulation was similar to the one in an
experimental result in TS-3.
Meanwhile, we confirmed that effects from the downstream boundary did not affect our
results, by performing a simulation run under the x-length a little larger than that in the
current simulation and comparing them. As a result, we observed that the two kinds of
simulation runs demonstrated results almost identical to each other. Moreover, when Ohtani
and Horiuchi developed the current version of the PASMO with an open boundary condition,
they compared results between a short-sized simulation and a long-sized simulation and
confirmed that the results were consistent with each other as shown in Ref. [19].
We use a reduced ion-to-electron mass ratio mi/me = 100 to save computer resources.
We find no basis for the denying of our effective heating process under condition of the
real ion-to-electron mass ratio. It is known that the global structure in the electromagnetic
field, which plays an essential role in magnetic reconnection, does not depend on mi/me[22–
24]. However, the width of the separatrix δ changes depending on mi/me, because the
formation of the separatrix is associated with an electrostatic field originating from the
charge separation [25, 26]. Our effective heating mechanism requires the behavior of ions be
nonadiabatic across the separatrix. A necessary key condition to the nonadiabatic motion is
violation of the magnetic moment conservation and is expressed as δ < ρi, which is satisfied
in the simulations in this paper, where ρi is the ion Larmor radius defined by the use of the
magnetic field at the upstream in the vicinity of the separatrix and the thermal speed in the
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upstream vTi0. In 2017, Guo et al. estimated that δ is proportional to (mi/me)
(1/4) by virtue
of particle simulation with the PASMO code [26]. We postulate that the physical quantities
with respect to electron do not change with mi/me, which means that me is fixed, but only
mi is changed. The ratio of the ion Larmor radius to the electron Larmor radius is expressed
as ρi/ρe ∝ (mi/me)(1/2), because the ratio of the ion thermal velocity to the electron thermal
velocity is vTi/vTe ∝ (mi/me)(−1/2), assuming that the electron temperature is equal to the
ion temperature. It is thus theoretically predicted that δ < ρi is better satisfied as the
ion-to-electron mass ratio is larger.
III. REVIEW OF THE ION EFFECTIVE HEATING
A. Simulation result
FIG. 2: (a) Spatial profiles of the ion temperature perpendicular to the magnetic field (color
contours) and the magnetic field lines at ωpit = 517 . (b) and (c) Ion velocity distributions in the
boxed area (B) and (C), respectively. In this simulation run, the reconnection magnetic field is
observed to be Brec = 4.2.
Let us briefly review the mechanism of the ion effective heating, which has been mentioned
7
in Refs. [14] and [15]. We display a typical result in the case of Bg = Bz0/Bx0 = 2,
L/(c/ωpi) = 0.66, and P0/(B
2
x0/8π) = 0.35 of our particle simulations. Figure 2 (a) shows
the spatial profile of magnetic field lines and the ion temperature perpendicular to the local
magnetic field Ti⊥ (color contours) at ωpit = 517, where the temperature is normalized
to mec
2. Magnetic reconnection is driven by plasmas and magnetic fluxes supplied from
the upstream boundary. It is seen that the X-point is located at almost the center of the
simulation domain. The reconnection electric field is balanced with E0/Bx0 = −0.04, i.e.,
the z-component of the imposed electric field at the upstream. Thus the reconnection system
is under a quasi-steady state. The ion temperature rises significantly in the downstream,
which is in good agreement with experimental results reported in plasma merging of STs
[5, 6]. We show ion velocity distributions at the boxed area (B) in the downstream in Fig.
2 (b) and at the boxed area (C) in the upstream in Fig. 2 (c). In the upstream, it is
confirmed that a shifted Maxwellian distribution is fully satisfied. In contrast, it is found
that a ring-shaped velocity distribution is formed in the downstream. This indicates that
ions are effectively heated in the downstream.
B. Basic theory for the ring-shaped distribution
As the basic theory of the effective heating mechanism, we explain the formation process
of the ring-shaped velocity distribution shown in Fig. 2(b) [14, 15]. Now we consider only
the global structure of the electromagnetic field in the downstream. That is, it is supposed
that the electromagnetic field is uniform and consists of the out-of-plane magnetic field Bz
and the convective electric field perpendicular to the magnetic field Ey. In addition, the
reconnection outflow speed (in the x direction) is expressed as uout = cEy/Bz.
First, we observe the motion of ions in the downstream from the Lagrangian point of view.
The essential point is that almost all ions enter the downstream from the upstream across the
separatrix without passing the X-point, and such ions behave as nonadiabatic upon crossing
the separatrix [14, 28, 29]. They are not sufficiently accelerated by the electrostatic field in
the separatrix so that their entry speed to the downstream is much less than the reconnection
outflow speed uout. We regard the entry speed of the ions as zero. Consequently, the situation
to be considered reduces to a simple problem for the ion motion in the downstream. The
simple problem is that if initially an ion with zero velocity is placed in the electromagnetic
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field Bz and Ey, what is the motion of the ion? The solution of this problem is simple. The
ion moves in the x direction with the velocity uout = cEy/Bz owing to the E ×B(Ey ×Bz)
drift while gyrating around Bz with speed uout. In the velocity space, the ion orbit is drawn
as a circle whose center is (uout, 0) and radius is uout.
FIG. 3: Formation of ring-shaped velocity distribution. (a) Assuming that the number of ions is
small, several ion points are located on the circle. (b) Assuming that the number of ions is very
large and the gyromotion phase has no bias, the ion points fill the circle.
Next, let us describe the ion motion from the Eulerian point of view. In the downstream,
we focus on a small local area whose size is much smaller than the Larmor radius of the ions
with the rotation speed uout. As described above, the ions move owing to the Ey ×Bz drift
and the gyromotion around Bz in the downstream. However, ions with different gyration
phases enter the local area. In the velocity space, at an instant, an ion is plotted as a point
assigned on the dotted circle in Fig. 3 (a), where the dotted circle is the trajectory of an
ion described from the Lagrangian point of view. Assuming that the number of ions in the
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area is very large and the gyration phase of the ions is uniform, the ion points fill the dotted
circle as shown in Fig. 3 (b). Consequently, a ring-shaped velocity distribution is formed.
We can obtain the effective temperature of the ring-shaped distribution in the velocity






where f is a distribution function, vj represents the j-component of velocity, and ⟨vj⟩ is the
j-component of the averaged velocity. A ring-shaped distribution is two-dimensional and











where we express the effective temperature as Ti⊥, since vT,x and vT,y are perpendicular to








C. Relation to the “pickup”
In this subsection, we discuss the relationship between the effective heating described in
this paper and the “pickup.” We clearly classify types of the pickup as the “classical pickup”
for particles which are newly ionized in an electromagnetic field and the “novel pickup” for
ions not responsible for ionization.
We overview the history of the studies on the picked-up particles. In 1985, Möbius et al.
proposed the classical pickup, in which a particle which is newly ionized in the solar wind
gains kinetic energy from the electromagnetic field of the solar wind [30]. In 1996, Wu et
al. applied the classical pickup to magnetic reconnection [31, 32]. Wu et al. claimed that
if hydrogen particles are ionized in the downstream of magnetic reconnection, the newborn
protons are accelerated and scattered.
In 2009, Drake et al. suggested two cases of the novel pickup applied to magnetic recon-
nection, which are not related to ionization [27–29], pointing out that when nonadiabatic
ions enter the downstream across the separatrix, the ions behave as particles which are
freshly ionized in the downstream. First, in Ref. [27], Drake et al. investigated the novel
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pickup in cases of no guide field. Let us name it the “type-I novel pickup.” Particle sim-
ulations showed that protons are effectively heated on the basis of finding non-Maxwellian
velocity distributions indicating counter-streaming. Next, Drake et al. addressed the novel
pickup in cases of finite guide field, which we call the “type-II novel pickup.” In Refs. [28]
and [29] it was found that selective heating of heavy ions occurs in the downstream.
Differences between our effective heating process and the type-I and type-II novel pickup
are explained. Through the type-I novel pickup, under no guide field, ions gain kinetic energy
mainly from the reconnection electric field, while in our effective heating, the ion energy gain
is mainly due to in-plane electric field. In addition, the shapes of velocity distribution formed
in the downstream are different. A two-belt shape for the type-I novel pickup and a ring
(or an arc, which will be shown in this paper) shape for our effective heating process are
formed, respectively. Meanwhile, it should be pointed out that our effective heating process
is, at first glance, similar to the type-II novel pickup, because the two processes occur in
the presence of guide field. However, the following points are different. Only heavy ions
as a minor component ion are responsible for the type-II novel pickup. In other words,
heavy ions as a minor component ion behave as nonadiabatic and are effectively heated due
to the global structure of an electromagnetic field, which is formed by light protons as the
main component ion. In contrast, a large percentage of protons as the main component
ion are responsible for our effective heating, although protons form the global structure of
an electromagnetic field. The difference in heated ion species between our process and the
type-II novel pickup is likely to emerge from the difference in the plasma β, and this topic
has been discussed in Ref. [14].
IV. GENERALIZATION OF THE THEORY
In general cases, the velocity distribution is not a complete circle, because the gyromotion
phases of the ions inside a local area are not definitely uniform, although the orbit of each
ion in the velocity space is drawn as a complete circle, in other words, each ion moves owing
to the Ey × Bz drift and the gyration around Bz. If gyromotion phases of the ions in a
local area are limited only within a range, instead of a circle (ring) structure, a circular arc
structure of the velocity distribution is formed as a schematic diagram shown in Fig. 4.
In the case of an arc-shaped velocity distribution with a central angle α, the ion effective
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FIG. 4: Schematic diagram of circular-arc-shaped velocity distribution with a central angle α. It
is noted that the orbit of each ion is a complete circle.
temperature becomes lower than that in a complete circle case. On the basis of the definition













In the α = 360◦ case, Eq. (7) is identical to Eq. (6). That is, it can be mentioned that a









This expression will be used for estimating α for observing the simulation values of the
right-hand side in Sec. VC.
As is well known, the reconnection outflow speed uout is nearly equal to Alfvén speed
which is defined by use of the reconnection magnetic field Brec and the ion density ni,up in





It is also a reasonable assumption that the ion density in the downstream ni is proportional









Equation (10) theoretically indicates that the ion heating energy is proportional to the
square of the reconnection magnetic field, if α is not changed.
Here, let us assume that the circular arc angle α depends on the guide magnetic field Bg,
i.e.,
α = α(Bg). (11)








Equation (12) indicates the dependence of the ion temperature on the reconnection (poloidal)
field and on the guide (toroidal) field. (Furthermore, we can theoretically obtain the effective
temperature, by taking account of the thickness of an arc-shaped structure. For details, refer
to Appendix A.)
We conjecture that α is lower as Bg is larger, but α is larger as Bg is larger in the regime
of extremely large Bg. We express a function α as
α ∝ 1
Bmg
+ ϵBng , (13)
where m > 0, n > 0, and the maximum of α is 2π. We take ϵ to be much less than unity so
as to make the second term be dominant for extremely large Bg and be less than the first
term for not extremely large Bg. At present, the phrase “extremely large Bg” temporarily
means that Bg is larger than ∼ 5, because the second term effect is not seen under the
condition Bg ≤ 4, as we show in Sec. VC.
The two types of effects (the first term and the second term in Eq. (13)) are based on
theoretical consideration of ion gyromotion phase in the downstream. In Fig. 5, we schemat-
ically depict gyromotion of ions and a small local area for observing velocity distribution
(a) for small Bg, (b) for large Bg, and (c) for extremely large Bg. The black and red circles
indicate the actual positions of ions and the guiding center positions of the ions, respectively,
and the dashed lines are gyromotion orbits of the ions. The blue boxes represent the small
local areas. The size of the small local areas is fixed throughout Figs. 5 (a)-(c), that is, we
enlarge Fig. 5 (c), otherwise gyromotion is too small to be drawn. By virtue of Fig. 5, we
discuss the effects of the first term and the second term in Eq. (13) below.
The first effect that α is smaller as Bg is larger is discussed in terms of the guiding center
positions of ions. We suppose that in the downstream the ion gyromotion phase depends
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FIG. 5: Schematic diagram of ion gyromotion and a small local area for assembling ion particle
information to show velocity distribution in the downstream (a) for small Bg, (b) for large Bg, and
(c) for extremely large Bg. The black and red circles indicate the actual positions of ions and the
guiding center positions of the ions, respectively, and the dashed lines denote gyromotion orbits.
The blue boxes represent small local areas.
on the guiding center position. That is, if the guiding center positions of ions are located
at an identical position in the downstream, they have the same gyromotion phase. Further,
we can extensively presume that if the guiding center positions of ions are close to each
other, their gyromotion phases have similar values, while if the guiding center positions of
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ions are distant from each other, their gyromotion phases have much different values. Now
let us observe gyromotion phases of the ions in a small local area as shown in Figs. 5 (a)
and (b). Figure 5 (a) shows that in cases in which Bg is small, ions have large Larmor
radius. Thereby, the guiding center positions of the ions which exist inside a local area are
far away from the local area. According to the above assumption we employed, the ions in
the local area have gyromotion phases greatly different from each other. By contrast, Fig. 5
(b) illustrates that in cases of large Bg, ions have small Larmor radius. Hence, the guiding
center positions of the ions inside a local area are close to the local area. On the basis of
the above assumption, the gyromotion phases of the ions in the local area are not largely
different from each other. Let us mathematically express the tendency as α ∝ B−mg .
The second effect that the larger Bg is, the larger α is, emerges as the main effect in the
regime of extremely large Bg, on the basis of the concept that the size of the local area is
small, but is finite. Note that the basic concept always holds, not depending on Bg, and
hence the second effect does not disappear, but is only obscured under conditions of small
Bg. Figure 5 (c) shows that when Bg is extremely large, the ion Larmor radius is so short
that a large part of one gyration orbit begins to fall within the local area. (Eventually,
the one gyration orbit will completely fall within the local area.) As a consequence, the
gyromotion phases of the ions in a local area cover a wide range. Let us give the tendency
as the mathematical expression α ∝ Bng .
Figure 6 (a) depicts an example form of Eq. (13), α = 8π/B2g + (π/180)B
2
g (we choose
m = n = 2 and ϵ = 1/1440.) as the solid line. The dashed line indicates the first term
(8π/B2g) and the dotted line represents the second term ((π/180)B
2
g). In this example, α
is monotonically decreased for Bg < 6, but the decrease rate becomes less as Bg is larger.
For Bg > 6, α is monotonically increased. In Fig. 6 (b), we further display Ti⊥ vs Bg by
substituting Eq. (13) into Eq. (12), where Brec = ni = 1 is set conveniently. It is seen that
Ti⊥ becomes less as Bg is larger, but the decrease rate of Ti⊥ becomes smaller and rather Ti⊥
is monotonically increased for Bg > 7. Let us, however, emphasize that the graphs in Figs.
6 (a) and (b) should be qualitatively read, but not quantitatively read. By adjusting ϵ in
Eq. (13), quantitative behaviors of the dependence of α and thus of Ti⊥ will be drastically
affected. (In this example, we tentatively employ m = n = 2 on the basis of somewhat
plausible hypothesis, which is, however, developing. Quantitative discussion on Eq. (13)
will be performed in the future.)
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(ϵ = 1/1440) is drawn. In the panel (b), the function Ti⊥(Bg) obtained by substituting the above
function α(Bg) into Eq. (12) is drawn.
FIG. 7: Ion velocity distributions under various strengths of the reconnection field; (a) Brec = 3.0,
(b) 4.2, (c) 5.5, and (d) 6.1. The circle radius of velocity distributions is larger as Brec is larger.
V. SIMULATION RESULT FOR THE GENERALIZED THEORY
In this section, we demonstrate two series of simulations by using the particle simulation
model the same as the one used in Sec. II. Before introducing two series of simulations, we
rigidly set up the notation for various quantities, for example, guide magnetic field.
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FIG. 8: Dependence of the ion heating energy (the ion temperature multiplied by the ion density)
on the reconnection magnetic field. The red dotted line represents the theoretical line. Simulation
data fit well with the theoretical line.
A. Notation
In order to avoid confusion for the readers, we clearly define the notation of several
quantities. The field Bx0 and Bz0 denote the x- and z- components, respectively, of the initial
magnetic field in the upstream, and correspond to the reconnection (poloidal) magnetic
field and the guide (toroidal) magnetic field in the upstream at the initial state. Let Bg be
Bz0/Bx0 in the simulations. In the experiments, Bg corresponds to Bt/Bp, where Bt and Bp
are the toroidal and poloidal magnetic fields, respectively. On the other hand, Brec is the
reconnection magnetic field at an instant, i.e., the x-component of the magnetic field at an
instant, when magnetic reconnection is occurring.
The observed quantities ni, Ti⊥, and uout are dependent somewhat on an observation
position in the downstream, since the electromagnetic field is not completely uniform in the
downstream. Thus, throughout the following results, we use the averaged values over the
area of 2.5 < x/(c/ωpi) < 4.0 and −0.3 < y/(c/ωpi) < 0.3 as the simulation values of ni,
Ti⊥, and uout. In addition, as the observed value of Brec, we use the average value over the
upstream boundary lines (y/(c/ωpi) = ±1.31).
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The first series of simulations
Case Brec Bg The range of the local area
(a) 3,0 2.0 2.30 < (x/(c/ωpi) < 2.63, 0.32 < (y/(c/ωpi) < 0.49
(b) 4.2 2.0 2.30 < (x/(c/ωpi) < 2.63, 0.16 < (y/(c/ωpi) < 0.32
(c) 5.5 2.0 2.63 < (x/(c/ωpi) < 2.96, 0.16 < (y/(c/ωpi) < 0.32
(d) 6.1 2.0 2.96 < (x/(c/ωpi) < 3.29, 0.16 < (y/(c/ωpi) < 0.32
TABLE I: Magnetic field components (Brec and Bg) and locations of local areas where velocity
distribution is observed for cases (a)-(d) of the first series of simulations. In this series, Brec is
changed.
B. Dependence on the reconnection field
As the first series of simulations, let us show the variation of ion velocity distributions
by the reconnection magnetic field in Fig. 7. The panels (a), (b), (c), and (d) are typical
examples of ion velocity distributions for cases of Brec = 3.0, 4.2, 5.5, and 6.1, respectively,
where Bg = 2.0. The velocity distributions of the panels (a)-(d) are observed in local areas
located at nearly the same position as denoted in Table I. It is clearly seen that as the
reconnection field Brec is larger, the circle radius of velocity distribution is larger, that is,
the effective temperature is higher.
Figure 8 is a plot of the ion temperature multiplied by the ion density, niTi⊥, versus
the reconnection magnetic field, Brec. Here, niTi⊥ is normalized to ni0Ti0, where ni0 is
the initial ion density at the neutral sheet and Ti0 is the initial ion temperature. The red
dotted line denotes the theoretical line niTi⊥ ∝ B2rec, predicted by Eq. (12), where note
that the proportionality coefficient is chosen as 0.29, but it is not a value obtained from the
simulation data. The black squares, black circles, and white circles correspond to simulation
data points for the cases of Bg = 1.0, 2.0, and 3.0, respectively. We can see that data points
fit well with the theoretical line. In addition, we can likely find that data points for each
guide field strength fit with the line niTi⊥ ∝ B2rec for each proportional coefficient.
Here let us compare the result of Fig. 8 with results in plasma merging experiments in
STs, for example, TS-3 in the University of Tokyo. In laboratory experiments, it has been
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The second series of simulations
Case Brec Bg The range of the local area
(a) 4,2 2.0 2.30 < (x/(c/ωpi) < 2.63, 0.16 < (y/(c/ωpi) < 0.32
(b) 4.0 2.5 2.96 < (x/(c/ωpi) < 3.29, 0.32 < (y/(c/ωpi) < 0.49
(c) 3.9 3.0 2.63 < (x/(c/ωpi) < 2.96, 0.32 < (y/(c/ωpi) < 0.49
(d) 3.8 4.0 2.63 < (x/(c/ωpi) < 2.96, 0.32 < (y/(c/ωpi) < 0.49
TABLE II: Magnetic field components (Brec and Bg) and locations of local areas where velocity
distribution is observed for cases (a)-(d) of the second series of simulations. In this series, Bg is
mainly changed.
reported that the ion heating energy is proportional to the square of the poloidal magnetic
field, which is called B2rec-scaling [6, 9]. From this graph, we find that the simulation result
is quite consistent with the so-called B2rec-scaling.
C. Dependence on the guide field
Next, we show the second series of simulations, in which the guide magnetic field is
changed. Figures 9 (a), (b), (c), and (d) illustrate typical examples of ion velocity distribu-
tions for Bg = 2.0, 2.5, 3.0, and 4.0, respectively. We use the identical value E0/Bx0 = −0.04
as the imposed electric field, but we measure slightly different values of Brec for the cases
(a)-(d) as shown in Table II. The locations of the local areas for the cases (a)-(d) also are
denoted in Table II. Although the dependence on the guide field appears not as clear as the
dependence on the reconnection field shown in Fig. 8, we can find a tendency that the angle
of arc (or circle) is smaller as the guide magnetic field is larger.
In order to further show the dependence of arc angle on Bg, we estimate the value of
α for various cases of Bg by using simulation data. On the basis of the assumption that
arc-shaped (containing ring-shaped) velocity distributions are formed, we can obtain α by
virtue of Eq. (8), because we can observe Ti⊥ and uout, that is, 2Ti⊥/(miu
2
out) in our particle
simulation for each Bg case. Figure 10 (a) shows the observed values of 2Ti⊥/(miu
2
out) in
the simulations. However, it should be noted that the values of 2Ti⊥/(miu
2
out) for Bg < 2
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are greater than 1.0, which can not occur in the framework of the theory for the effective
heating mechanism, because it is mathematically clear that the left-hand side of Eq. (8)
is less than 1.0. Hence, 2Ti⊥/(miu
2
out) > 1.0 means that other thermalization or effective
heating processes also play roles in the rise of the ion temperature under the situations of
Bg < 2. Thus the value of α can not be calculated for the cases of Bg < 2. We display a
plot of α versus Bg only for Bg ≥ 2 in Fig. 10 (b). This plot clearly shows the dependence
of the arc angle α on the guide field Bg, that is, α is lower as Bg is larger. We can see
that the effect of the second term in Eq. (13) (the larger Bg is, the larger α is), which was
described in Sec. IV, does not appear, obscured by the effect of the first term, because Bg
is not extremely large for all the cases. The second term effect will be investigated in the
future.
In this work, we will not discuss the other thermalization or effective heating process
which would act for Bg < 2, but we simply point out the thickness of an arc or a ring as one
candidate for the other processes. If the arc or the ring has a large thickness, the effective
temperature is increased as shown in Appendix A.
With respect to the guide field dependence as well, we compare our simulation results
with an experimental result in TS-3 [4]. Figure 11 displays a plot of the ion temperature
versus the guide magnetic field Bg, where the ion temperature is normalized to the initial
temperature. Both the simulation result in Fig. 11 (a) and the experimental result in Fig.
11 (b) show that the ion temperature is lower as the guide (toroidal) magnetic field is larger,
but the ion temperature does not change significantly for high Bg regime. (However, the
ion temperature becomes almost constant for Bg > 2 in Fig. 11 (a) (simulation), while for
Bg > 3 in Fig. 11 (b) (experiment). This discrepancy might be an important issue for the
ion heating. This topic is beyond the current work, and will be discussed in the near future.)
At first glance, we find that there exists an inconsistency between Fig. 9 and Fig. 11
(a). According to Fig. 11 (a), the ion temperature in the case of Bg = 2.0 is not very
different from that in the case of Bg = 3.0, whereas Figs. 9 (a) and (c) demonstrate that the
angle (α ∼ 360◦) for Bg = 2.0 is greatly different from the angle (α ∼ 180◦) for Bg = 3.0.
This inconsistency is solved by taking account of the fact that the change in the guide
field Bg causes the change in the reconnection field Brec and the ion density ni as a side-
effect which seems to inevitably emerge in simulations for driven magnetic reconnection.
Consequently, the outflow speed uout changes with Bg in our particle simulations. It is
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FIG. 9: Ion velocity distributions under various strengths of the guide field; (a) Bg = 2.0, (b) 2.5,
(c) 3.0, and (d) 4.0. The arc angle of velocity distributions is smaller as Bg is larger.
actually observed that uout tends to be larger as Bg is larger, although the driving electric
field E0 is identical. As Eq. (7) indicates, the fast reconnection outflow leads to the rise in
the effective temperature. The increment in Ti due to the increase in uout and the decrement
in Ti caused by the decrease in α simultaneously play roles in the Bg = 3.0 case compared
with the Bg = 2.0 case so that the ion temperature does not change significantly from the
Bg = 2.0 case.
VI. SUMMARY
We have investigated the dependence of the ion effective heating on the reconnection and
guide magnetic fields by means of particle simulations which mimic plasma merging through
magnetic reconnection in an ST device. In our previous work, we found that ions were ef-
fectively heated because ring-shaped structures of ion velocity distributions were formed. In
addition, we derived a theory of this effective heating. In this work, we have generalized the
theory to be applicable for an incomplete ring-shaped, i.e., circular-arc-shaped velocity dis-
tribution. The generalized theory explains that the ion effective temperature depends on the
radius and the angle of an arc-shaped velocity distribution and conjectures the dependence
of the ion heating on the poloidal and toroidal magnetic fields. Our particle simulations
have demonstrated the following dependence of the ion heating. (i) The ion heating energy
is proportional to the square of the reconnection (poloidal) magnetic field (the B2rec-scaling).
(ii) As the guide (toroidal) magnetic field is stronger, the effective temperature is lower, but
this dependence becomes small for high guide field. The two types of dependence (i) and
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FIG. 10: (a) The right-hand side of Eq. (8), 2Ti⊥/(miu
2
out) and (b) the arc angle α for different
values of the guide field Bg. The angle α tends to be small as Bg is larger. For the regime of
2Ti⊥/(miu
2
out) > 1.0, the angle α can not be calculated.
(ii) are in good agreement with tendencies reported in experiments.
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FIG. 11: Dependence of the ion temperature on the guide magnetic field. The panels (a) and
(b) plot results obtained by our simulations and reported in TS-3 experiments. respectively. The
tendencies seen in the panels (a) and (b) are in good agreement with each other.
Appendix A: Finite thickness of an arc-shaped velocity distribution
Let us calculate the effective temperature for the case that an arc-shaped velocity distri-
bution has a finite thickness as shown in Fig. 12.
In Fig. 12 (a), an arc-shaped velocity structure has a thickness V in the direction of the
arc center (uout, 0). We divide the situation of Fig. 12(a) into two cases, which differ in
density distribution. In one case, we assume that the particle density is completely uniform
inside the arc structure with a thickness (the light blue region). We theoretically obtain the
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FIG. 12: Schematic diagram of an arc-shaped structure with a finite thickness in the arc center
direction. In the panel (a), an arc has a thickness V , in which the particle density is uniform
for one case, and in which the particle density is inversely proportional to the distance from the
arc center for the other case, i.e., ∝ 1/v⊥1, where v⊥1 is a velocity component in the arc center
direction. In the panel (b), an arc has a thickness, in which the particle density is a function of
the distance from the arc center. Here the function is assumed to be ∝ (1/v⊥1)fG(v⊥1), where fG
is a Gaussian function whose width is vTi0 and whose center is the dotted line.


























As the other case in Fig. 12 (a), we discuss the situation that an equal number of
particles exist on any concentric arc line (vx − uout)2 + v2y = (uout + Va)2, not depending
on Va (−V < Va < V ). Thus, the density function is given as ∝ 1/v⊥1, where v⊥1 denotes
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a velocity component in the arc center direction. In this case, the particle density is not
completely uniform; the density is slightly higher in inner region of the arc, and the density
is slightly lower in the outer region. This density distribution is plausible if we consider that
ions continuously enter the downstream, with uniform distribution of vx0, the x-component
of entry velocity, within the range from −V to V . (The y-component of entry velocity
is assumed to be zero for all the ions.) Their gyroperiod is the same, not depending on
the entry velocity, while the orbit length depends on vx0; the smaller vx0, shorter the orbit
length. Therefore, we are allowed to assume that the number of particles is equal on any


















Next, we employ a different type of arc thickness. In Fig. 12 (b) as well, an arc-shaped
velocity structure has a thickness in the center direction. The color gradation means that
in the arc center direction, the particle density satisfies a Gaussian function fG with the
standard deviation vTi0 (the initial thermal velocity) and with the mean value expressed
as the dotted line (vx − uout)2 + v2y = u2out. Thus, the density function is given as ∝
(1/v⊥1)fG(v⊥1). That is, let us suppose that particle velocities in the arc center direction
satisfy a Maxwellian. (The same condition in the latter case of Fig. 12 (a) holds for the case
of Fig. 12 (b). We consider that ions continuously enter the downstream, with Gaussian
distribution of vx0, x-component of entry velocity. Hence, the density at an inner position is
higher than that at an outer position, where the inner position and the outer position have
an equal distance from the dotted line.) This assumption is likely to be appropriate, because
ions are regarded to gain almost no kinetic energy upon crossing the separatrix, and thus
each ion enters the downstream with keeping each initial velocity. Then in the downstream,
each ion has each constant gyration speed, and their E × B drift velocities are identical to
(uout, 0), under the assumption of uniform electromagnetic field in the downstream. Actually,
we can see that a ring-shaped velocity distribution shown in Fig. 2 (b) has a thickness, which
is nearly equal to vTi0, comparing the velocity distribution shown in Fig. 2 (c), which is a































Note that Eq. (A3) is not applicable although it is arithmetically correct, if α is infinites-
imal. Also, in Eq. (A3), it will be of interest that the half of the initial (real) temperature
is added into the effective temperature after heating. The reasons for these two points are
related to each other.
When α is quite close to zero, Eq. (A3) is nearly equal to (1/2)Ti0. This result is
quite startling, if we consider the following situation. If the electromagnetic field in the
separatrix and in the downstream were equal to that in the upstream (although this situation
is impossible), obviously the pickup-like process would not work, and hence α should be
zero. Thus, Eq. (A3) leads to one result that the ion temperature is (1/2)Ti0 as shown
above. On the other hand, the ion velocity distribution must maintain the initial Maxwellian
distribution, because we regard that the electromagnetic field is constant throughout the
whole region. Thereby, we obtain a different result that the ion temperature is Ti0. This
discrepancy indicates that Eq. (A3) is not applicable to infinitesimal α.
The inconsistency is originated from the following logic. When we derive Eq. (A3), we
take into account only a thermal velocity component in the direction of the arc center vTi0,1,
and we inevitably ignore a thermal velocity component in the tangential direction vTi0,2,
where vTi0,1 = vTi0,2 = vTi0 is assumed. The component vTi0,2 causes the arc to spread
in the tangential direction, but the spreading due to vTi0,2 is necessarily masked by the
tangential width α of the arc itself. The emergence of (1/2)Ti0 in Eq. (A3) is based on
the fact that vTi0,1 is contained in the derivation process of Eq. (A3), but vTi0,2 can not
be contained. Nevertheless, if α is infinitesimal, tangential spreading due to vTi0,2 is not
masked by the tangential width α of the arc itself. Hence, Eq. (A3) does not hold for a case
that α is infinitesimal, i.e., roughly estimating, αuout < vTi0.
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